Neospora caninum, an apicomplexan protozoan parasite closely related to Toxoplasma gondii, is a major cause of abortion in dairy cattle and was first recognized in 1989 (21, 33, 44) . Neosporosis has been identified in a wide range of animal species, being associated with neonatal mortality and abortion in cattle, sheep, goats, horses, dogs, and cats (3, 4, 12, 20, (24) (25) (26) . The causal role of fetal Neospora infection in bovine, caprine, and ovine abortions has been demonstrated experimentally (7, 20, 23, 35) . Epidemiologic studies of bovine abortions in various regions of the world indicate that Neospora infections account for 3 to 42% of abortions in dairy herds whose causes have been diagnosed (1, 2, 21, 33, 36) . The diagnosis of Neospora abortion is primarily based upon the histological demonstration of multifocal necrotizing encephalitis, epicarditis, and placentitis in fetal tissues and immunohistochemical detection of tachyzoites by using Neosporaspecific antisera (6, 21, 34) . In addition, detection of Neosporaspecific antibodies in maternal blood, identified by the indirect fluorescent-antibody assay (IFA) with cell culture-derived Neospora tachyzoites, has proven to be useful in the identification of Neospora-infected herds (13, 21, 38, 46) . Recently, enzyme-linked immunosorbent assays (ELISAs) with whole tachyzoite antigens also have been described for the identification of Neospora-infected hosts (10, 22, 37) .
The development of serological tests for Neospora infection fills an urgent need in the study of neosporosis. Because the complete host range and life cycle of N. caninum are unknown, antemortem serological tests specifically identifying Neosporainfected animals provide a valuable tool for epidemiologic and diagnostic investigations. In addition, the accurate identification of Neospora-infected cattle has important implications in the control of abortion since repeated abortion and congenital transmission can occur in some infected cows (2, 5, 13) . Serological assays (IFA and ELISA) with whole tachyzoite antigen for the identification of Neospora antibodies have the potential of detecting antibodies cross-reactive to closely related cystforming members of the subphylum Apicomplexa, such as T. gondii and Sarcocystis spp., which also infect cattle, particularly when Neospora antibody titers are not high. This concern is supported by data showing the very close genetic similarity between T. gondii and N. caninum by sequence analysis of 18S rRNA (11, 28) , the immunological relatedness between N. caninum and T. gondii antigens by Western blot (immunoblot) analysis (9, 10) , and the cross-reactivity of sera from Sarcocystis-infected cattle by indirect N. caninum ELISA (22) . The present study characterizes a monoclonal antibody (MAb) to N. caninum tachyzoites, identifies candidate antigens for the diagnosis of N. caninum infections, and describes the development of an MAb-based competitive inhibition ELISA (CI-ELISA) for the specific recognition of Neospora antibodies in cattle.
MATERIALS AND METHODS
Parasites and N. caninum antigen preparation. The NC-1 isolate of N. caninum used in the studies described here has been described previously (17, 19) . Tachyzoites were maintained in vitro by continuous passage in Vero cell cultures (ATCC CCL 81). Fetal bovine serum was determined to be free of Neosporaspecific antibodies by an immunodotblot procedure in which sonicated Neospora tachyzoites were used as the antigen (described below). Preparation of Neospora antigen followed a sonication procedure previously described for the isolation of cytosolic (soluble) and membrane antigens of T. gondii (43) . Infected Vero cells were scraped in culture medium, passed through a 25-gauge needle to rupture host cells, and centrifuged at 70 ϫ g at 4ЊC to pellet the cell debris. The N. caninum tachyzoites in the supernatant were washed three times in cold phosphate-buffered saline (PBS) and were then sonicated for five 30-s pulses and centrifuged at 2,000 ϫ g for 20 min. The supernatant (NSo) used as the antigen was divided into aliquots containing 1 mg of protein, as determined by a Coomassie blue protein assay (Pierce) with bovine serum albumin (BSA) as the standard, and the aliquots were stored at Ϫ80ЊC. Tachyzoites from the RH strain of T. gondii and bradyzoites from Sarcocystis cruzi were processed similarly for immunodot blot assays. T. gondii tachyzoites were propagated in human foreskin fibroblast cells (Hs68) as described previously (18, 22) . S. cruzi bradyzoites were obtained from the muscle tissue of cattle inoculated orally with Sarcocystis sporocysts from the feces of experimentally infected dogs (22, 40) .
MAb production. Six-week-old BALB/c mice were immunized subcutaneously with 50 g of NSo diluted in 0.1 ml of PBS and emulsified with an equal volume of Freund's complete adjuvant. The primary immune response was boosted twice by subcutaneous immunization at 10-day intervals with the same concentration of NSo with incomplete Freund's adjuvant. Three days prior to cell fusion, mice were immunized intravenously with the same concentration of NSo without adjuvant. Cell fusions and cloning by limiting dilution were performed by standard procedures (48) . Heavy chain isotypes were identified by ELISA, and concentrations of antibody were determined by immunodiffusion. Supernatants from the initial fusion and from clones obtained by limiting dilution were screened by immunodot blotting by standard procedures (29, 31) , with NSo used as the antigen.
Immune sera from cattle infected with N. caninum, T. gondii, S. cruzi, Sarcocystis hirsuta, and Sarcocystis hominis. Sera from cows (n ϭ 14) and aborted fetuses (n ϭ 4) known to be positive for N. caninum and sera from congenitally infected calves (n ϭ 4) were obtained through the Washington Animal Disease Diagnostic Laboratory and Field Disease Investigation Unit at Washington State University. Abortion was confirmed to be caused by N. caninum by examination of fetal tissues for typical histopathologic changes (multifocal necrotizing encephalitis) and immunohistochemical demonstration of Neospora tachyzoites in fetal tissues by using hyperimmune goat anti-N. caninum serum (VMRD Inc., Pullman, Wash.). Congenital Neospora infection was indicated by precolostral IFA titers of Ͼ640 (35) . Neospora-negative sera were obtained from (i) clinically healthy beef cows from herds with no history of abortion caused by N. caninum (n ϭ 36), (ii) clinically healthy dairy cows from a herd with no history of abortion caused by N. caninum (n ϭ 11), and (iii) cows with a diagnosis of idiopathic or bacterium-induced abortion after histopathologic and microbiological examination of fetal tissues and placenta (n ϭ 4). Neospora-negative sera also were defined by the absence of antibody titers by immunofluorescence assay (Ͻ1:50). All sera were stored at Ϫ70ЊC.
To test for serological cross-reactivity with closely related members of the subphylum Apicomplexa, sera were obtained from cattle experimentally infected with T. gondii or one of three Sarcocystis spp., S. cruzi, S. hominis, and S. hirsuta (22) . Cattle were inoculated orally with oocysts of T. gondii or 2 ϫ 10 5 Sarcocystis sporocysts obtained from the feces of experimentally infected dogs (S. cruzi), experimentally infected cats (S. hirsuta), or humans (S. hominis) as described previously (18, 22, 27, 40) . Sera were also obtained from one calf inoculated subcutaneously with 1.6 ϫ 10 6 N. caninum tachyzoites (22) . Blood was collected from all experimentally inoculated animals from 21 to 40 days postinoculation and was stored at Ϫ70ЊC. The number of serum specimens from animals with experimental infections totaled nine for T. gondii-infected cattle, seven for S. cruzi-infected dogs, two for S. hominis-infected humans, two for S. hirsutainfected cats, and one for an N. caninum-infected cow.
IFA for detection of antibodies to N. caninum. All bovine sera were tested for the presence of Neospora-specific antibodies by IFA by using cell culture-derived tachyzoites as antigen as described previously (22, 38) . Tachyzoites were harvested from confluent Vero cell cultures and were washed three times in PBS (pH 7.2) by repeated suspension and centrifugation at 800 ϫ g for 5 min. Tachyzoites (3 ϫ 10 4 ) were spotted onto spot titer slides (ICN, Costa Mesa, Calif.), air dried, and stored at Ϫ20ЊC. Test sera were diluted twofold starting at a dilution of 1:50, incubated on antigen slides for 30 min at 37ЊC, and washed in PBS (pH 9.0). Bound bovine antibodies were detected with fluoroscein isothiocyanate-conjugated goat anti-bovine immunoglobulin G1 (IgG1) and IgG2 (VMRD Inc.). Sera were considered positive if the entire surface of the tachyzoite was fluorescent. MAb 4A4-2 binding to live N. caninum tachyzoites was also tested by IFA. Bound MAb was detected with fluoroscein isothiocyanate-conjugated goat anti-mouse immunoglobulin (Cappel, Organon Teknika Corp., Durham, N.C.). All IFAs included known positive and negative bovine or murine serum samples as antibody controls. The viabilities of the tachyzoites were determined by staining with fluorescein diacetate (FDA) to a final concentration of 10 g of FDA per ml (42) .
Agglutination test for detection of antibodies to T. gondii. Sera from cattle experimentally inoculated with T. gondii, Sarcocystis spp., and N. caninum were tested for antibodies to T. gondii by a modified agglutination test with formalinfixed tachyzoites as described previously (14, 18, 27) .
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and immunoblotting. (i) Immunodot blotting. Sonicated antigen of N. caninum, T. gondii, or S. cruzi was absorbed onto nitrocellulose sheets by using a dot blot manifold. Bound MAb was detected with peroxidase-conjugated goat anti-mouse immunoglobulin (Cappel) and was visualized by chemiluminescence (ECL; Amersham Life Science, Arlington Heights, Ill.).
(ii) SDS-PAGE and immunoblotting. Aliquots of NSo in PBS were mixed with one-quarter volume of 5ϫ SDS-PAGE sample buffer (315 mM Tris [pH 6.6], 5% SDS, 5% 2-mercaptoethanol, 25% glycerol, 0.01% bromophenol blue), boiled for 5 min, and electrophoresed in an SDS-7.5 to 17.5% polyacrylamide gradient slab gel and 4% stacking gel by the one-dimensional, discontinuous method of Laemmli (32) . Biotin-conjugated molecular weight standards (Bio-Rad Laboratories, Hercules, Calif.) consisted of myosin (200,000), ␤-galactosidase (116,250), phosphorylase b (97,400), bovine serum albumin (66,200), ovalbumin (45,000), carbonic anhydrase (31,000), soybean trypsin inhibitor (21,500), lysozyme (14,400), and aprotinin (6,500).
NSo antigens separated by SDS-PAGE were electrophoretically transferred onto nitrocellulose filters overnight as described previously (29, 45) . Filters were blocked for 1 h in blocking buffer (10 mM Tris [pH 8.0], 150 mM NaCl, 0.2% Tween 20, 1% polyvinylpyrrolidine [Sigma Chemical Co., St. Louis, Mo.]). Bovine serum or MAb 4A4-2 was diluted in wash buffer (blocking buffer with 0.05% Tween 20) and was incubated overnight at room temperature. Following washing in buffer, bound bovine antibodies were detected by incubation with peroxidaseconjugated protein G (Zymed Laboratories Inc., South San Francisco, Calif.), and bound MAb 4A4-2 was detected with peroxidase-conjugated goat antimouse immunoglobulin (Cappel). All bound antibodies and molecular weight standards were visualized by chemiluminescence (ECL); Amersham Life Science). For immunoblotting assay controls, the primary antibody was replaced with buffer alone (secondary reagent control) and MAb 4A4-2 was replaced with an equal concentration of irrelevant isotype-matched MAb (isotype control).
CI-ELISA. Individual wells of flat-bottom Immulon I plates (Dynatech Laboratories Inc., Alexandria, Va.) were coated overnight at 4ЊC with 50 l of NSo diluted in 0.05 M carbonate buffer (pH 9.6) to a concentration of 0.02 g/l. The wells were washed three times with wash buffer (PBS containing 0.05% Tween 20) and were blocked for 5 min at room temperature with PBS containing 2% BSA. The optimal concentration of MAb 4A4-2 (limiting concentration) was determined by titration of MAb 4A4-2 in NSo-coated plates. Following a 2-h incubation of MAb, 50 l of peroxidase-conjugated goat anti-mouse IgG (Cappel) diluted to 1:1,000 in wash buffer containing 10% fetal bovine serum was incubated in each well at room temperature for 60 min, and the wells were washed three times in wash buffer. The amount of bound MAb 4A4-2 was measured by adding 50 l of o-phenylenediamine (Sigma) to each well and incubating the plates in the dark for 30 min. The reaction was stopped by adding 50 l of 1 N HCl to each well, and the optical density at 492 nm (OD 492 ) was measured with a Dynatech MR-5000 ELISA plate reader. For the CI-ELISA, 50 l of test bovine serum diluted 1:2 in wash buffer was added along with 50 l of MAb 4A4-2 (0.05 g/ml) to triplicate wells, and the plates were incubated at room temperature for 2 h. The remainder of the procedure was as described above. Each CI-ELISA included controls (i) of known positive bovine sera (as identified by IFA and immunoblotting), (ii) from which test bovine serum was deleted (to determine the maximal OD 492 of MAb 4A4-2 alone), (iii) from which both test bovine serum and MAb 4A4-2 were deleted (to determine the background OD 492 of secondary reagents), and (iv) containing 10 known negative reference bovine serum samples idefined to be negative for Neospora antibodies by IFA and immunoblotting at a 1:10 dilution (no bands visualized). The percent inhibition of MAb 4A4-2 binding to NSo was calculated as 100 Ϫ [(OD 492 of the test serum/average OD 492 of the 10 negative reference serum samples) ϫ 100].
Periodate treatment of NSo. NSo was treated with various concentrations of periodate to characterize the epitope recognized by MAb 4A4-2 (47). The effect of periodate treatment on antigen binding by MAb 4A4-2 was assessed by indirect ELISA. For the indirect ELISA, the NSo coating, the concentration of MAb 4A4-2, and the detection and visualization steps of MAb 4A4-2 binding were identical to those same steps described above. For periodate treatment, the wells were filled with 150 l of sodium acetate buffer (pH 4.5) containing 0 to 10 mM periodate (Sigma), and the plates were incubated in the dark at room temperature for 60 min. The wells were washed with PBS containing 0.05% Tween 20, and the periodate oxidation products were reduced with 50 mM sodium borohydride in PBS for 30 min at room temperature. NSo-coated control wells with and without periodate or sodium borohydride were included in each plate. Each assay included MAbs previously demonstrated to bind carbohydrate or peptide epitopes and their respective antigens. Cryptosporidium parvum excysted oocyst antigen and MAb 7H12 were used as carbohydrate epitope controls (41) , and C. parvum excysted oocyst antigen and MAb 7D10 were used as peptide epitope controls (39) (the C. parvum antigen and MAbs were generously donated by Michael Riggs, University of Arizona). The percent inhibition was calculated as 100 Ϫ [(OD with periodate/OD without periodate) ϫ 100].
RESULTS
Characteristics of MAb 4A4-2. MAb 4A4-2 was identified as an IgM antibody by radial immunodiffusion assay. MAb 4A4-2 bound diffusely to the exterior surface of viable N. caninum tachyzoites but did not bind to T. gondii tachyzoites when analyzed by IFA (data not shown). The immunodot blot assay revealed binding of MAb 4A4-2 at low concentrations to NSo, while binding to sonicated antigens of T. gondii or S. cruzi was not above the background level for the assay (Fig. 1) . MAb 4A4-2 bound to a single N. caninum tachyzoite antigen, migrating at an approximate molecular mass of 65 kDa in immunoblots (Fig. 2, lane 1) . There was no binding of irrelevant IgM isotype control antibody to NSo in immunoblots (data not shown).
Characterization of the epitope recognized by MAb 4A4-2.
(i) N. caninum antigens recognized by sera from cattle infected with N. caninum. To determine if the 65-kDa Neospora antigen recognized by MAb 4A4-2 was also recognized by cattle with natural Neospora infections, sera from N. caninum-infected cows and their aborted fetuses and from calves with congenital Neospora infection were examined by immunoblot analysis (Fig. 2 and 3) . Figure 2 presents the results for sera from Neospora-infected cows and fetuses with Neospora IFA titers of Ͼ12,800 and Neospora-negative cows that were either clinically normal or had aborted their fetuses as a result of other causes. Neospora-negative animals originated from cattle herds with no history of abortion caused by N. caninum and were defined serologically as cattle with IFA titers of Ͻ50. The immunoblot binding pattern was variable and was not associated with the IFA titer. Overall, immunoblotting at a 1:100 dilution with sera from Neospora-infected cows or fetuses revealed a minimum of 14 Neospora antigens ranging from 175 to 11 kDa (Fig. 2, lanes  2 to 11) . Only antigens of 116, 65, and 25 kDa were consistently present in all Neospora-infected cattle examined (the 65-kDa band in lane 9 of Fig. 2 was visible only on overexposed blots). Sera from Neospora-positive cattle were diluted 1:100 (Fig.  3A) , 1:1,000 (Fig. 3B) , and 1:10,000 (Fig. 3C) to determine the specificity of Neospora-specific antigens eliciting the highest levels of antibody in natural infection. A representation of these analyses is shown in Fig. 3 ; lanes 2, 8, and 15 contain sera from a cow aborting a Neospora-infected fetus, and lanes 13 and 20 contain sera from a calf with congenital N. caninum infection. The antigens stimulating the highest antibody titers (lane 15) had approximate molecular masses of 116, 76, 65 (arrowheads), 54, 42, 35, 31, 20, and 14 kDa (the 116-kDa band was observed only on overexposed blots). In summary, the immunoblotting analyses revealed that the 65-kDa antigen bound by MAb 4A4-2 was one of several immunodominant VOL. 34, 1996 CI-ELISA FOR BOVINE NEOSPOROSIS 1425
antigens consistently and specifically recognized by Neosporainfected cattle.
(ii) N. caninum antigens recognized by sera from cattle infected experimentally with T. gondii and Sarcocystis spp. Sera from cattle experimentally infected with T. gondii, S. cruzi, S. hirsuta, and S. hominis were examined by immunoblot analysis with NSo to identify potential cross-reactive antibodies in cattle infected with other apicomplexan protozoa (Fig. 3) . These sera also were analyzed at 1:100 (Fig. 3A) , 1:1,000 (Fig. 3B) , and 1:10,000 (Fig. 3C) dilutions to determine the antigens eliciting the highest levels of cross-reacting antibody. All samples had N. caninum IFA titers of Ͻ50; the sera of T. gondiiinfected cattle had modified agglutination titers ranging from 800 to 32,000. At a 1:100 dilution, sera from T. gondii-infected cattle (Fig. 3, lanes 3 and 4) contained antibodies that bound multiple N. caninum antigens ranging from 80 to 11 kDa. Cross-reactive antibodies (binding antigens similar to those bound by Neospora-infected cows) to antigens with approximate molecular masses of 80, 55, 42, 37, 31, and 14 kDa were identified. Only antibodies to the 37-and 14-kDa antigens were present at a 1:10,000 dilution on overexposed blots. At a 1:100 dilution, sera from cattle infected with Sarcocystis spp. (Fig. 3, lanes 5 and 6) contained antibodies that bound multiple N. caninum antigens ranging from 80 to 10 kDa and crossreactive antibodies that bound antigens with approximate molecular masses of 37 and 25 kDa. Non-cross-reactive antibodies to the 34-and 11-kDa antigens were present at 1:1,000 and 1:10,000 dilutions (Fig. 3, lanes 12 and 19) . Thus, the 65-kDa antigen bound by MAb 4A4-2 (Fig. 3, lane 21) and by serum antibodies from Neospora-infected cattle (Fig. 3, lanes 8 and  15, arrowheads) was not recognized by serum antibodies from cattle infected with apicomplexan protozoa closely related to Neospora and likely to infect cattle under field conditions.
(iii) Periodate treatment of N. caninum antigen. To characterize the epitope bound by MAb 4A4-2 as a carbohydrate or a peptide, NSo was treated with periodate prior to MAb binding. The effects of various concentrations of periodate on the binding of MAb 4A4-2 to NSo attached to ELISA plates is shown in Fig. 4 . Greater than 90% inhibition of antibody binding was observed at periodate concentrations of Ն1 mM, indicating binding to a carbohydrate epitope. As assay controls, inhibition of binding by periodate treatment was similar to that observed with an MAb to C. parvum (MAb 7H12) that binds a carbohydrate epitope of C. parvum oocyst antigen (41), while periodate treatment had no effect on the binding of C. parvum MAb 7D10 (39), which recognizes a peptide epitope.
CI-ELISA analysis. On the basis of the immunoblotting results with bovine sera and MAb 4A4-2, a CI-ELISA was developed to maximize the specificity of an ELISA-based test for the detection of Neospora-specific antibodies in bovine sera. The results of the CI-ELISA with MAb 4A4-2 are shown in Fig. 5 . The optimal concentration of MAb 4A4-2 was determined by titrating the MAb and detecting binding to NSo. The maximum slope of the curve occurred at approximately 0.05 g of MAb 4A4-2 per ml. Negative reference sera for the assay consisted of sera from 10 cattle determined to be free of Neospora antibody by IFA (titer, Ͻ50) and immunoblot analysis (1:10 dilution). Test sera originated from (i) cattle with abortion confirmed to be caused by N. caninum (n ϭ 11) (group 1), (ii) cattle from three herds with no history of abortion caused by N. caninum (Neospora IFA titers, Ͻ50 [n ϭ 51]) (group 2), (iii) cattle experimentally infected with T. gondii (Neospora IFA titers, Ͻ50; T. gondii agglutination titer range, 3,200 to 32,000 [n ϭ 9]) (group 3), and (iv) cattle infected experimentally with Sarcocystis spp. (Neospora IFA titer, Ͻ50 [n ϭ 4]) (group 4). Compared with negative reference sera, sera from cows with confirmed Neospora infection (group 1) inhibited binding of MAb 4A4-2 to N. caninum antigen by 63 to 86%, with a mean of 75% inhibition and a 95% confidence interval of Ϯ4.5%. Alternatively, sera from Neospora antibodynegative cattle (group 2) inhibited MAb 4A4-2 binding from only Ϫ31 to 29%, with a mean of 0.24% and a 95% confidence interval of 3.7%. Greater than 60% inhibition of MAb 4A4-2 binding also was observed with sera from congenitally infected calves (n ϭ 4), calves infected experimentally with N. caninum (n ϭ 1), or fetal fluids from N. caninum-infected aborted fetuses (n ϭ 4) (data not shown). Compared with the negative reference sera, sera from cattle infected experimentally with T. gondii and Sarcocystis spp. (groups 3 and 4) inhibited binding of MAb 4A4-2 to N. caninum antigen by Ͻ30%. Three serum samples (two T. gondii infected and one S. cruzi infected) inhibited MAb 4A4-2 binding by 30 to 49%, but these levels were still outside the 95% confidence interval for Neosporapositive cattle. A cutoff point for a positive result of 58% inhibition when dealing with unknown serum specimens would identify cattle within the 95% confidence interval. This cutoff is approximately equivalent to 3 standard deviations of the mean for the negative reference serum used for the assay (defined as Neospora antibody negative by IFA at a 1:50 dilution and immunoblotting at a 1:10 dilution). In summary, the CI-ELISA with MAb 4A4-2 demonstrated a direct relationship between antigens recognized by MAb 4A4-2 and by serum antibodies from Neospora-infected cattle. In addition, there was a distinct grouping of Neospora-positive and Neospora-negative cattle by the CI-ELISA with MAb 4A4-2.
DISCUSSION
Tests for the antemortem serological diagnosis of Neospora infection in cattle depend upon detection of serum antibodies by IFA (13, 38) or indirect ELISA (22, 37) . Both tests use whole tachyzoites as the antigen source; either N. caninum or the bovine Neospora isolate can be used to detect Neospora antibodies in cattle (22, 37, 38) . Any serological assay with whole Neospora organisms as an antigen source has the potential for reduced specificity because of the close relatedness of Neospora to other members of the family Sarcocystidae such as T. gondii and Sarcocystis spp. (9) (10) (11) 28 ). These potential crossreactions are particularly important because natural infection with Sarcocystis spp. is common in cattle worldwide and can result in abortion (15) , and T. gondii infection of cattle is well documented, although the true prevalence of infection is not clear (16, 27) .
In the present study we investigated Neospora-specific antigens that might be useful in the diagnosis of N. caninum infection. An MAb (MAb 4A4-2) that detected a single 65-kDa N. caninum antigen was identified. Immunoblot analysis of N. caninum tachyzoite antigens with sera from cows with abortion confirmed to be caused by N. caninum, fluids from fetuses confirmed to be aborted because of N. caninum infection, and calves congenitally infected with N. caninum revealed three antigens of 25, 65, and 116 kDa that were bound by antibodies from the sera of all Neospora-positive animals (n ϭ 22). Neospora antibodies bound several antigens, including the 65-and 116-kDa antigens, at high titers (at least 1:10,000). Sera from cattle infected with T. gondii and Sarcocystis spp. had multiple cross-reacting antibodies recognizing Neospora antigens of 55, 42, 37, 31, and 14 kDa. The 65-and 116-kDa antigens were the only Neospora-specific, immunodominant antigens recognized by the sera of all Neospora-positive cattle in the present study. These results support those of other immunoblotting studies of neosporosis that identified multiple Neospora antigens in the sera of Neospora-infected animals ranging in size from 17 to 47 kDa (8, 9) and extend those studies by demonstrating highmolecular-mass immunodominant antigens. Together, the present and previous studies of the immunological response to Neospora infection demonstrate the presence of multiple antigens consistently recognized by Neospora-infected cattle, including the 65-kDa antigen recognized by MAb 4A4-2, that are candidate antigens in ELISA for the diagnosis of N. caninum infection.
The specificity of MAb 4A4-2 for Neospora antigen was demonstrated by IFA, immunodot blot analysis, and CI-ELISA. MAb 4A4-2 bound diffusely to the exterior of viable N. caninum tachyzoites by IFA, indicating recognition of an exterior membrane antigen. Binding to T. gondii tachyzoites by IFA or to T. gondii or S. cruzi antigens by immunodot blot analysis was not observed. Neospora-positive cattle consistently produced high-titer antibodies to the 65-kDa antigen recognized by MAb 4A4-2, as indicated by immunoblotting and CI-ELISA, while sera from cattle experimentally infected with T. gondii, S. cruzi, S. hominis, and S. hirsuta did not bind to a 65-kDa antigen and did not significantly inhibit the binding of MAb 4A4-2 to whole Neospora tachyzoite antigen when the sera were analyzed by CI-ELISA. Sera from three cattle experimentally infected with T. gondii or Sarcocystis spp. inhibited MAb 4A4-2 binding in the CI-ELISA by up to 49%, compared with Ͻ30% inhibition for sera from other Neosporanegative cattle and 60 to 90% inhibition for sera from Neospora-positive cattle. This intermediate level of inhibition was attributed to stearic interference of cross-reacting antibodies to other Neospora antigens in the whole tachyzoite antigen preparation used as antigen in the assay. However, even the 49% inhibition was outside the 95% confidence interval for the detection of Neospora-positive cattle by the CI-ELISA with MAb 4A4-2.
The carbohydrate nature of the epitope bound by MAb 4A4-2 was demonstrated by destruction of the epitope by mild periodate oxidation (47) . Sodium periodate oxidizes the vicinal hydroxyl groups on terminal sugar moieties and reduces their reactivities with IgM and IgG antibodies (30) . Epitopes of T. gondii also have been determined by similar methods to be carbohydrates (43) .
N. caninum is an important protozoan abortifacient pathogen of cattle and other species. The diagnosis of abortion caused by N. caninum postmortem, using histopathology and immunohistochemistry, is relatively straightforward if the appropriate fetal tissues (brain) are submitted for examination. However, recommendations for the control of abortion caused by N. caninum are not clear because of the current lack of knowledge concerning parasite host range, life cycle, means of transmission, and risk factors associated with infection. These questions would be aided greatly by accurate antemortem identification of Neospora-infected animals for epidemiologic studies. We have developed a CI-ELISA with an MAb (MAb 4A4-2) identifying an N. caninum tachyzoite antigen that specifically detects Neospora antibodies in cattle known to be infected with N. caninum and does not detect antibodies to closely related cyst-forming protozoa common in cattle. The apparent immunodominance of the 65-kDa antigen and the epitope recognized by MAb 4A4-2 indicates its potential usefulness for the sensitive and specific identification of Neosporainfected cattle.
